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SULMARY 


A static test on a particular air-cooled turbine 
blade model was conducted at the University of Minnesota 
in July, 1951. The blade model utilized cooling air which 
was ducted into the blade near the leading edge, thence 
into horizontal, or chordwise, grooves between the blade 
and a thin metal sleeve attached to lands on the blade. 
Cooling air was discharged at the trailing edge of the 


blace, where an opening was proviced in the sleeve. 


Mach numbers in the flow around tho test blade 
were [ron 4 to .5 with tests being made at gae tenpera- 


tures at about 809? r., 10009 r., 12009 F., and 14209 F. 
The following conclusions were reached: 


le At gas temperatures of about 1420° Po, a 
temperature reduction of 6309 F. was experienced near the 
trailing edge, and a reduction of 890° F. was found near 
the leading edge, for a cooling air flow rate comparable 


to 1.67% of combustion air. 


2. The blade configuration tested possessed 


excellent cooling characteristics and showed an economy of 
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cooling air use comparec to available data on other cooling 


configurations. 


3. Creator temserature reductions were found 
at high gas temperatures than at low gas temperatures, with 
constant rate of ooolin; air flow. The rate of increase 
of temperature reduction with sas temperature increase ap- 


peared to be linear over the range tested. 
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INTRODUCTION 


The broad problem in the field of gas turbine op- 
eration, with respect to turbine blades, is that of develop- 
ing a blade capable of withstanding high atresses ina 
region of high temperatures. Since there are today many 
hundreds of turbines operating, it is evident that some suc- 


cess has been met in this development. 


Thero is very little which can be done to reduce 
the stresses associated with the centrifugal forces of the 
high speed turbine. it is also highly desirable to operate 
these turbines at the hi ,hest permissible limits of tenpora- 
ture. Therefore, cool'nj; of the turbine blades by some out- 
side means has been under consiceratle investigation re- 
cently, as a method of permittinz higher turbine gas temper- 
atures. Some of the acvantages which may accrue from ef- 
fective Llado cooling are increased power, prolonged blade 
life, and use of less critical and expensive materials in 


blade construction. 


This report describes the static test of a turbine 
blade model which was dosi med to rive hirh economy of cool- 
ing air by using the air as a protective layer between the 


blade body and a covering metal sleeve. 
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I URSCRIPTION OF TEST BLADK AMD LQUIPEENT 


Fic. (1) shows a sketch of the turbine blade 
model, and Fic. (14) shows a photograph of the blade with 
the covering metal sleeve attached. The blade was machined 
from mild steel. io attempt was made to ¿ive a twist to 
the blace, and for simplicity of lathe machining, the air- 
foil surface was formed of two circular arcs filleted as 
seen in Fig. (1). The grooves are .025 inches doep; the 
sleove is „033 inch rolled black iron sheet. The materials 
used were chosen because of their ready availability and 
machinability. The sleove was formed around the blade, 
and attached with counter-sunk rivets anc screws, which 
were ground off to be flush with the surface. Total sur- 
face area of tho blade was 55.8 sq. in. Slade hei;!t was 


45 inches. 


¿leven holes for iron - constantan thormocouples 
were drilled about one-third of the depth of the blade. 


Only seven of these positions were employed in the tests. 


Great care was exercised in drilling the small 


one=sixteenth inch holes from the leading edse to the rain 
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coolins air duct, for misalignment of these holes could 
cause maldistribution of cooling air to the grooves on 


each surface. 


The test section contained two uncooled blades 
similar to the test blade, and is show schematically in 
Fir. (2). A photograph of this section is given in 
Fig. (13). The test blade was rounted on a pedestal ar- 
rangement to allow its easy insertion into the test section 
between the two uncooled blades. Tho `lades, wit! the sur- 
faces of the test section, formed a cascade, making the 
flow turn an angle of about sixty-four de,rees. Lach une 
cooled blade had a thermocouple installed near its leading 


edge è 


The tests were run in an especially designed Cas 
Turbine Test Cell i: the Mechanical ^n;ineerin; building 
of the University of Minnesota. The photograph of Pig. (12) 
shows the control panel, and Vig. (11) shows the test cell 
interior. There was a Lycoming Hodel 0-435-T air cooled 
engine, rated at 162 Ni at 2800 RPX drivin- an air compres- 
sor, which was a 7.48 : 1 sear ratio supercharger from an 
Allison V-1710 aircraft engine» The air delivered by the 


supercharger to the large manifold was cucted to the con= 
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bustion chamber of a single Allison JJðsA=17 turbojet engine 
burner. Combustion was started by a spark-ignitod acoety- 
lene flame, anc combustion temperatures wore controlled Ly 
the burner fuel pump bypass, for regulating fuel flow, and 
by the lycoming engine throttle, wiich determined engine 
RPM, hence supercharger flow rate. “Number one diesel fuel 


was used in the combustion chamber. 


The test blade was located in the test section 
about eleven and one-half inches downstream of the conbus- 


tion chamber exit. 


All thermocouples used were iron - constantan, 
and were read on a Brom Recording iotentiometor having a 


scale from O - 16007 F. 


Cooling air was supplied from the compressed air 
system of the Mechanical !ngineering building. Zumpirg 
capacity of the system was greater than the maximum flow 
rate used, anc the supply was available at all times be- 
tween 80 anc 100 psig. Cooling air flow rate was determined 
from a Fischer and worter "Flowrator" with a tube size 
f 54-25. Cooling air initial temperature was measured by 


thermocouple. 
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Air flow to the burner was measured at an orifice 
on the intake side of the engine-driven compressor. The 
orifice was 5.6 inches diameter, in a circular duct eirht 
inches in diameter. Static pressure taps were installed 
one cianeter upstream anc one-ha lf diazeter downstream of 


the orifice. 


Fuel flow to the burner was measured on a fuel 


"Flowrator" tube " SA-60, mounted on the control panel. 


Tomperature and pressure were measured in the 
test section four and one-half itiches upstrean of the test 
blades. A total pressure tube and a static pressure tap 
were employed, and a shielded total temperature probo 
housed an iron - constantan thermocouple. This tomporaturc 
probe reac consistently lower than the uncooled blades of 
the test section, however, so it was considered of value 
only as a "reference" tonporature. At a constant burner 
air flow, any desired temperature could be obtained and held 
constant with = 59 P. on this "reference" probe by control- 


ling the burner fuel flow. 
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II TEST PROCEDURE 


Test procedure was simple. Reference temperatures 
of 800° F., 1000° F., 1200° F., and 14209 F. were succossivo- 
ly obtained on the shielced temperature probe. At each ref- 
erence temperature the flow of cooling air was varied, and 
readings were taken of all instrumentation as shown in Table 
I. Great care was exercized in order that equilibrium be 
reached with each new rate of cooling air flow before read- 
ings were taken. A curve is shown in Fig. (7) for a temper- 
ature-time check on thermocouple 75 at reference tempera- 
ture of 1420° F., and the final point of this curve agrees 
with the reading taken at the beginning of that series of 


runs, showing that the procedure used was satisfactory. 
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III DISCUSSION VP RESULTS 


(a) Results of the present investigation 


The data are tabulated in Table I. Figs. (3), 
(4), (5), and (6) show plots of the recorded temperatures of 
all thermocouples on the tost blace vs the weight rate of 
cooling eir flow as determined from the "Plowrator", and 
represent graphically the results of the tests. It may bo 
noted frou the figures that at each referenoe temperature 
thero was a marked blade temperature recuction for each 
thermocouple location. lio thermocouples wore located for- 
ward of the main coolin;, alr duct because of space limita- 
tions. Thermocouples l ang #2 consistently read very 
nearly the same tenperature; a natural result since they 
were both near the duct of incoming cooling air. Tempera- 
tures of the points on the concave side of the blade (even 
numbered points) read slichtly lower than those on the 
convex side, possibly because of creater resistance to 
flow in the longer grooves of the convex sice, which may 


have caused less cooling air to flow in those grooves. 


The distribution of temperature along the blade 


finds the hottest part at the trailing edge, the coolest 
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part at the incoming air uct near the leading edge, with a 
maximum temperature difference between hot and cool points 
of 300° F. The temperature of the cooling air rose as it 


was heated in its passage along the grooves. 


Thermocouple ,5 was chosen as a represcntative 
point for comparison of temperature reductions at different 
air flows anc uncooled temperatures, for it represents a 
point removed from the creat cooling near tho leading elgo, 
and is near the hotter point of the trailing edge. Fig. (8) 
shows a plot of temperature reduction vs cooling air flow 
for this thermocouple at various reference temperatures of 
the hot gases. It was found that temperature reduction in- 
creased with flow rate of cooling air, but that after a 


point, the rate of this increase was small. 


An interesting cross-plot of Fig. (8) is shown ín 
Figo (9) as a set of curves of temperature reduction ve un- 
cooled temporature, for the various rates of cooling air 
flow. This eross-plot shows that for the region of the 
tests the temperature recuction at a given weijht rate of 
cooling air flow increased almost linearly with the uncooled 
temperature. If this linearity holds into regions of hi¿hor 


temperatures, a very rewarcing employment of cooling air 
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might be experienced in the neighborhood of 20009 P. and 


ovor. 


Pig. (10) shows the temperature distribution 
along the blade at 1420° F. reference temperature, with 
various rates of cooling air flow. This figure pictures 
a trenc already mentioned =- increasing temperaturcs toward 
the trailing edge as the cooling air is heated up. The 
close agreement of the temperatures along the two surfaces 
is an indication that no major distribution errors in the 


cooling air flow occured between the two grooves. 


While no data were taken to permit calculation 
of the sleeve temperature, it was not considered that the 
sleeve will be a critical part of the blade with regard 
to temperature, because the amount of blace coolin; present 
makes it obvious that a sizeable heat transfor is going on 
— the hot passes of combustion and the sleeve; for 
this condition to occur, there mist be a large temperature 
gradient between “rese hot ases and the sleeve. Furt:.er- 
moro, ina turbine, the sleeve as constructed would not have 
to carry centrifugal stress loads as igh as the blade body 


vecause of its several support lines furnished by the lands. 
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(b) Comparison with other investigations 


Since the blade model tested was large compared 
to turbine blades normally used in aircraft engines, a 
method for comparing the cooling required was considered 
in order to evaluate the results in terms of other investi- 
gations concerned with air-cooled turbine blades for air- 
craft. The heat flow equation Q = hAAT was used for this 
purpose, and the blade size usec for comparison was the 
J33 turbine blade, having an area of about 14.8 sq. in. 


Test Blade area was ¿3.3 sq. in. 


In the heat flow equation, the variables to be 
considered were the film heat transfer coefficient, "h", 
from the hot gases to the sleeve, and the blade area, A. 
The same AT was considered for both sizes of blade, and 
the ratio of heat flows to each blade was estimated. It 
Was assuned that the rate of cooling air flow required 
would be proportional to the rate of heat flow to the 


blade sleeve. 


For the test blade: Qi = hy A AT 
For blade of 15.8 sg. ine: Q 5 haAzAT 


and Qy/ee * (hy/ng) x (47/89) 
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From Ref. (T), page 106, a relation for the film 
heat transfer coefficient, h, is given for plane surfaces, 
and was assumed to hold approximately for the sleeve sur- 
face: 


a .055 (k/L) (.)°75, where 


y 


S heat transfer coofficient of the gas 
= representative lenght 
= Reynolc's number 


= Fab 


Substituting the relation for “h" into the ex- 


pression for heat flow ratio, 


Q,/e * (44/42) (12/12) (1119)? 


A heat Plow comparison was made between the test 
blade and a goometrically similar blade to it, but which 


had the same area as the J33 blade: 
Q1/Q2 = 2.05 


It was then assumed that the larger tost blade 
had required 2.06 times as much air for cooling as the 
smaller blade would have required. There was thon a basis 
for a rough comparison cf weight of cooling air to weight 


of combustion air. 


On a J33 engine there are 14 burners of the type 
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employed in the tests, and there aro 54 turbino blades hav- 
ing aroas of about 14.8 sq. in. each. So that it was cal- 
culuted if the 54 blaces of the J33 were similar to the 
test blade, and air-cooled as the test blade; at an engine 
airflow fourteon times that of the tests, and a temperature 
of abour 1420° F. at tho turbine inlet, the cooling condi- 
tions found in the test blade would be found in the smaller 


bledes et cooling airflows of .487 those of the test blade. 


Using the maximum flow rate of cooling air, 1.204 
lb/min, which was employed in the test blace at 1420° F. 
reference temperature, it was seen that tho smaller blades 
should have been using a total of .528 1b/seo of cooling 
air, and that the ratio of cooling air weight to combustion 
air weight would be 1.67%. The temperature reduction would 
have been the same as for the test blade, according to the 


preceeding calculations. 


Care must bo taken not to accept the above compar- 
isons ag having been proved by these tests. iowevor, the 
comparisons do indicate that excellent results may be cx- 
pected by use of the test blade coolin; corfiguration on 


actual turbine blades. 
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Table II shows the results of several investiga- 
tions on air cooling of turbine blade models. It is seen 
that the blade model of the present investigation shows 
excellent possibilities with regard to temperature reduc- 
tion of blade, and weight ratio of cooliny air flow to 


burner air flow. 





IV CUNCLUS TONG 


The followin; conclusions have been drawn from 
the tests concuctec on the horizontally grooved air cooled 


turbine blade model wit), covering motal sleeve: 


l. At combustion gas temperatures of about 1420° 
F., a temporature reduction of 630° F. was experienced near 
the trailing edge, and a reduction of 8909 F. was found 
near the leading edge, for a cooling air flow rate compar- 


able to 1.07% of combustion aire 


2. The blade configuration tested possessed ex- 
cellent cooling characteristics and showed an econory of 
cooling air use compared to data on other cooling configura- 


tions. 


de Greater temperature reductions were found at 
high gas temperatures than at low gas temperatures, with 
constant rate of cooling air flow. The rate of increase of 
temperature reduction with gas temperature increase appeared 


to be linear over the range tested. 
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Fig. 1 


Sketch of Body of Grooved Turbine Blade Model 


— 








Mig 2 


Line Sketch of Test Section Showing Static 
Test Cascade and Location of Thermocouples 
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The Bach Number in the Test Section ahead of the 
blades and in the flow about the blades was desired for 
reference purposes. Neasurements of P, and P, in the test 
section were expected to give this information through the 
Ps/Po ratio in the gas tables, interpolatod for a zawa of 


1.35 of the combustion gases. 


The mass flow (neglecting weight of fuel) deter- 
mined from the inlet orifice should also provide a check 
on Mach number in the test section by application of 


w = AV, where Z and A wore values at the test section. 


Comparison of Mach Numbers determined by the two 
methods did not show aproemen$, so the run of Table II. was 
made to check pressure values. The Machs as determined 
from this second table still did not agree with tho Yachs 
as determined from the mass flow for the runs. Cause of 


disagreonent was sought. 


All pressure leads had been thoroughly checked 
for leaks before attachment to the test section. It is noted 


that total pressure agrees with measurements taken in the 


terra 
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first set of runs. Static pressure agreed -- but this agree- 
ment was at zoro reucing. it is considered that static 
pressure should have increased somewhat as fuel flow in- 
creased -- it was therefore decided that the De reading 

was in error, and that a leak must have occurred at the 

point of attachment. Lo pressure chec* for leaks was mado 

at this point because of its position within the test sec- 


tion. 


Further consideration showed that in view of the 
apparent dependability of the total pressure readíngs the 
Pg could be determined by simultaneous solution of tho mass 
flow relations and the pressure ratic relations for tho 
Mach Number in the Test Section. This solution was performed 


graphically, ana the results given below: 


To Mach Number at Test Section Mach Number Around Blades 


800° F. .265 „400 
10009 F. «284 „435 
12090 F 293 e460 
14207 F. .314 .49 


Mach Number around tho blades was detormined fron 
the area relation of the test section cross section (23 sq. 
in.) to the area presented for flow in the cascade (15.75 
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